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Control Law Design Considering Implementation to 
Aerospace Vehicles 
Yoshiro Hamada 
Abstract 
This doctoral thesis proposes control law design methods considering implementation to 
aerospace vehicles. Among the control problems of aerospace vehicles, this thesis deals with two 
important issues; "characteristic variation" and "gust response". The former is the problem in 
which the characteristics of the controlled object change by the change of external environment 
or movable part of the vehicles. The latter is the problem in which excessive load or acceleration 
are generated by the aircraft encountering gust. Both are important issues in the automatic control 
of aerospace vehicles from the beginning to the present, and therefore, they constitute the core of 
this thesis. 
The issues of implementation are twofold: computing power and amount of memory of the 
onboard computer. The former imposes restrictions on the calculation performed in each control 
cycle, and the latter imposes restrictions on the amount of data required for the control law. This 
thesis derives control law design methods theoretically considering these implementation issues. 
Especially, regarding gain scheduling control and preview control which are used to deal with the 
two aforementioned important issues in the automatic control of aerospace vehicles, this thesis 
deals with design techniques suitable for implementation. 
These proposed methods are applied to a geostationary satellite in orbit and an experimental 
aircraft, and their effectiveness is confirmed by flight tests and simulation. In the case of a 
geostationary satellite, it is shown that the designed control law balances implementability and 
performance by comparing with other control laws. In the case of aircraft, it is shown that the 
degradation of the control performance is small compared with other higher order optimal control 
laws in spite of the simple structure of the designed control law, and that the proposed method 
can balance the control performance and the implementability. 
  
航空宇宙機への実装を考慮した制御則設計手法 
 濵田 吉郎 
 
概要 
本論文の主題は，航空宇宙機への実装を考慮した制御則設計手法である．航空宇宙機
の制御問題の中でも，特に「特性変動」と「突風応答」という二つの課題について論じ
る．前者は，外部環境や機体の可動部分の変化により制御対象の特性が変化する問題で
あり，後者は航空機が突風に遭遇することで過剰な荷重や加速度が発生する問題である．
「特性変動」と「突風応答」の両者共に，航空宇宙機の自動制御における黎明期から現
在に至るまでの重要な課題であり，それ故に本論文の中核を成すものである． 
実装上の具体的な問題は，搭載計算機の「演算能力」と「メモリ量」にある．前者に
より各制御周期で行われる演算に制約が課せられ，後者により制御則に必要なデータ量
に制約が課せられる．本論文では，これらの実装上の問題を考慮可能な，理論に基づく
制御則設計手法について論じる．特に，航空宇宙機の制御における重要な課題である「特
性変動」と「突風応答」に対応する制御則について，実装に適した設計手法を取り扱う． 
特性変動への対処としては，ゲインスケジューリング (GS: GainScheduling) 制御が航
空宇宙分野に限らず広く使用されている．これは制御対象の特性変動をパラメータを用
いて表現し，パラメータの値に応じて制御ゲインを調整 (=スケジューリング) する手
法である．GS 制御の設計法について，スケジューリング則を簡便なものに限定するこ
とで前者の制約を脱し，スケジューリングに必要となる端点 (制御則のデータ) を少な
くすることで後者の制約を考慮できる手法を提案する．ここで導出されるゲインスケ
ジューリング則と同様のものは，実際には古典的な手法でも導出可能である．すなわち
設計者がパラメータ空間上の設計点を任意に選び，線形な制御則を各設計点で設計した
上で，それらを区分線形に補間してゲインスケジューリング制御則とするものである．
この場合，設計結果自体は提案手法と同様のものとなる一方，設計点外での安定性や性
能は理論的に保証されない．それに対して提案手法は，簡便なスケジュール則と少ない
端点を持ちつつ区分点間での制御性能を保証できる．性能の理論的な保証は古典的な手
法に対する優位点であり，簡便なスケジュール則はスケジュール則が複雑になりがちな
近年の GS 手法に対する優位点である． 
突風応答に対応する制御に関しては，ボーイング社の 787 型旅客機に実装されてい
る Vertical Gust Suppressionをはじめとして，フィードバック制御による様々な手法が提
案されている．本論文で扱うのは，実用化が近いと期待されるドップラーライダーの使
用を前提とした，予見制御と呼ばれる制御手法である．これは一定時間先までの目標値
や外乱に関する情報が事前に得られる場合に，それらを積極的に利用することで制御性
能を向上させる制御手法であり，ここではライダーで得られる前方の風速情報が事前情
報に相当する．本論文では，既にフィードバック制御が実装されているという前提で，
ライダー情報を用いる予見フィードフォワード補償を，実装の容易な静的ゲインとして
導出する手法を提案する．一般的な予見制御則設計手法では，予見情報を含む拡大系を
構成して設計を行うため，予見ステップ数の増加と共に拡大系の次数も増加する．結果
的に得られる予見制御則も高次のダイナミクスを持ち，実装時の計算負荷が高くなる．
それに対し，提案手法では静的な定数ゲインが得られるため，簡便な構造を持ち，予見
ステップ数が増加しても計算負荷が高まることはない．また設計条件として必要十分条
件を導出しているため，定数ゲインに限定することによる性能劣化は小さく抑えられる． 
これらの提案手法を，軌道上の静止衛星および実験用航空機に適用し，シミュレー
ションや飛行試験により有効性を確認する．静止衛星の例では，他の制御則との比較に
より，提案手法による制御則が実装時の問題点を考慮しつつ性能とのバランスを取った
ものであることを明らかにする．航空機の例では，設計される制御則が簡便な構造であ
るにもかかわらず，他の高次制御則と比較して制御性能の劣化が小さいことを示し，提
案手法が制御性能と実装性のバランスを取り得ることを示す． 
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???? [11]?
?????????????????????????????????????????
???????????????????????? 787?????????? GLA???
??? Vertical Gust Suppression (VGS) ??????????????????????
???????????????????????????? GLA???????????
[12]????????????????????????????????????????
??????GLA?????????????????????????????????
????????????????????? [13]?
1.2 ?????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????? GLA????????????????????????????
??????????????????????????????????????????
??????? Table 1.1??????????????????????????????
?????????????????????????????????????????
L-4SC???? 5?? (L-4SC-5)?????????????????????????
??????????M-3S?? 1???????????????1979????????
? [14]???????????????????????????? PD?????????
1997?????????M-V????????????????????????? 32bit
4 ? 1? ??
Table 1.1 Implemented attitude control laws of the Japanese rockets.
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Fig. 2.1 (a) Lower LFT. (b) Upper LFT
2.2 LFT (Linear Fractional Transformation)
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u
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???????????????????? θ(t)???
x˙ = A(θ)x+B(θ)u,
y = C(θ)x+D(θ)u,
???????????
?? LPV???????????????? θ(t)??????????????????
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??????????????????????????????????????????
???????????????????????????????????????? GS
????????????????????????
??? GS????????????????????????????????????
??????????????????????????????????????????
????? [23]???????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????? LPV???????????????????????????????
????????????????????????????? Lyapunov????????
???????????????????????????? (??? [24, 25, 26]??)??
???Lyapunov??????????????????????????????????
????????????????????????????????????? Lyapunov
?????????????????? [27, 28, 29, 30, 31, 32]?????????????
??????????????????????????????????????????
????? Lyapunov ???????????????????????????????
??? Lyapunov??????????????????????????????????
??????????????????????????????????????????
14 ? 3? ??????? GS??????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????? GS?????
????
?????????????????????? Lyapunov ?????????????
GS ???????????????????????? Lyapunov ??????????
???????????????????????????????????? [28, 29]??
??????????????????? Lyapunov ?????????????????
??Lyapunov???????????????????????????????????
?????????????*1????????????????????????????
???? LMI ???????????? LMI?????????????????????
??????????????????????????????????????????
????????????????????????????????????? (????
???)??????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????
3.2 ????
??? LPV?????????
Σ :
 x˙ = A(θ)x+B1(θ)w +B2(θ)u,z = C1(θ)x+D11(θ)w +D12(θ)u,
y = C2(θ)x+D21(θ)w +D22(θ)u,
(3.1)
??? x ∈ Rn ??????????w ∈ Rr ??????u ∈ Rp ??????z ∈ Rm ?
????? y ∈ Rq ??????????????? θ(t)?????*2??????????
??????????????????????
θ(t) ∈ Θval := [θ, θ],
θ˙(t) = ω(t) ∈ Ωval := [ω, ω].
(3.2)
*1 ??????????????????LPV??????????????????
*2 ????????? θ ???????????????????????????????????????
?????????????????
3.3 ??????? 15
?????????????? (C2 = I,D21 = D22 = 0) ? GS ???????????
????????? GS???????????? 4?????????
???????????????????????
Γ : u = F (θ)x (3.3)
??? F (θ)?????? θ ??????????????????????????
LPV????????????? L2 ????????????????????????
?????????????????? [27] ?????????????????? LPV?
???????????????????????????? X(θ)≫ 0 (X(θ)≪ 0)???
??? α ???????? θ ∈ Θval ???? X(θ) ≥ α (X(θ) ≤ −α)?????????
?????
?? 3.1 ??? (θ, ω) ∈ (Θval × Ωval) ???????? LMI??
X(θ)≫ 0, (3.4) Qcl(θ, ω) B1(θ) ST (θ)BT1 (θ) −γIr DT11(θ)
S(θ) D11(θ) −γIm
≪ 0, (3.5)
??????? γ ???????????????X(θ) ∈ Rn×n ????????????
? Fl{Σ,Γ}??????? ||Fl{Σ,Γ}||L2 < γ ???????
Qcl(θ, ω) := −ω∂X(θ)
∂θ
+A(θ)X(θ) +X(θ)AT (θ)
+B2(θ)F (θ)X(θ) +X(θ)F
T (θ)BT2 (θ),
S(θ) := C1(θ)X(θ) +D12(θ)F (θ)X(θ)
????? X(θ) ??????? xT (t)X−1(θ(t))x(t) ?????? Fl{Σ,Γ} ? Lyapunov
??????
?????? (3.1)????? LPV????????????????????????
??????????????????????? (? (3.3))??????????????
??????????????? 3.1???? L2 ????????
3.3 ???????
? (3.1)????? LPV?????????????????????????????
??????????????????????????????????????????
?????
16 ? 3? ??????? GS??????
3.3.1 ????
??????????? 3.1????????????????????????????
?????????? GS??????????????????????????????
??????????????
• ? (3.1)????????????????????????????? (??????
??????)????
• ???????????????????????????????????????
???????????????????????????????????????
• ?????????????????????????????? (??????)?
????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????? [33]???????????????
????????????????????????????????????
3.3.2 ???????????????????
?? 3.1?????????????????????????????????? [26]?
?? 3.1?????????? (θ, ω) ∈ (Θval × Ωval)?????????? (3.4)(3.5)??
??????????????????????????????????????????
??????????? LPV????????????????????????????
????????????????????????? (3.1) ??? A(θ), B(θ), C(θ), D(θ)
? θ ???? affine ??? (???????????????????) ????????
Bu(θ) ??? Du(θ) ???????????? (??? Bu(θ) = Bu, Du(θ) = Du) ???
??????????? X(θ) ????????? (X(θ) = X,∂X(θ)∂θ = 0) ???????
???? 3.1?????????????????????????????θ ? affine??
(?????????????????)????????????????????????
(3.5)??????????? (θ, θ)?????????????????????????
????????? LMI???????????(?????????)?????????
?????
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?????????????????????? θ???? affine???????????
??????????????????????????????????????????
?????????????????????????????????? X(θ)?????
??????????????????????????????????????????
????????????????????????????????????
3.3.3 ??????????????????
??????????????????????? 3.1???? (3.4)(3.5)???????
????????????????????????????????? X(θ) ?????
??????????????????????????????????????????
???????????????????????????????????? [28]????
????????????
??????(3.1)??????????? θ ????????????????????
A(θ)??
A(θ) = AΣi +
θ − θΣi
θΣi+1 − θΣi
(AΣi+1 −AΣi ), (3.6)
θ ∈ [θΣi , θΣi+1], i = 0, 1, . . . , NΣ,
???????????? θΣi ? A(θ) ????????θ = θΣ0 < θΣ1 < . . . < θΣNΣ <
θΣNΣ+1 = θ ????????????? θΣi ????? Θval ???? DΣ = {θ =
θΣ0 , θ
Σ
1 , . . . , θ
Σ
NΣ
, θΣNΣ+1 = θ} ?????A(θ) ?????????? DΣ ???????
??????????????????????????????????????????
???????????????DΣ ?????????????????????????
???????????????????????????
?? [28]????????????????? 3.1???????????? LMI???
????????????
?? 3.2 [28] ??? (i)? (ii)???????
(i) θ??????????????????? F (θ) ??????????????????
X(θ)????????? (θ, ω) ∈ (Θval × Ωval)????? (3.4)(3.5)????.
(ii) DΣ ??????????D(D = {θ = θ0, θ1,. . . , θN , θN+1 = θ})??? Wk ?????
?? Xk(k = 0, 1, . . . , N + 1)??????ω = ω, ω ????????????????
Xk > 0, k = 0, 1, ..., N + 1, (3.7)
18 ? 3? ??????? GS?????? Qcl(k) Bk STkBTk −γI DTk
Sk Dk −γI
 := Jcl(k) < 0, k = 0, 1, ..., N, (3.8)
 Q−cl(k) Bk STkBTk −γI DTk
Sk Dk −γI
 < 0, k = 1, 2, ..., N + 1, (3.9)
Jcl(k) +
1
2
(Lcl(k) + L
T
cl(k)) < 0, k = 0, 1, ..., N, (3.10)
??? Qcl(k) := AkXk +XkATk −
ω
∆θk
∆Xk +Bu(k)Wk +W
T
k B
T
u(k),
Q−cl(k) := AkXk +XkA
T
k −
ω
∆θk−1
∆Xk−1 +Bu(k)Wk +WTk B
T
u(k),
Sk := CkXk +Du(k)Wk,
Lcl(k) :=
 L11cl(k) ∆Bk 00 0 0
L31cl(k) ∆Dk 0
 ,
L11cl(k) := (∆AkXk +Ak∆Xk) + (∆Bu(k)Wk +Bu(k)∆Wk),
L31cl(k) := (∆CkXk + Ck∆Xk) + (∆Du(k)Wk +Du(k)∆Wk),
??????? ∆ ??????????? ∆θk := θk+1 − θk,∆X := Xk+1 − Xk,∆A :=
A(θk+1)−A(θk)????
(ii)????????(i)????? X(θ)? F (θ)????????????????:
X(θ) =
{
1
l
∫ θ+ l2
θ− l2
XS(h)dh
}−1
, (3.11)
F (θ) =WS(θ)X
−1
S (θ), (3.12)
??? l??????????????XS ?WS ????????????
XS(θ) = Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
WS(θ) =Wk +
θ − θk
θk+1 − θk (Wk+1 −Wk), for θ ∈ [θk, θk+1].
?????????????????????????????????????????
???????? X(θ) ?? (3.11) ?????????????? (3.7)–(3.10) ?????
????? D ?????? (????????)????X(θ)?????????????
?????????????????????????????????????????
??????????????????????? (3.12)????????????????
???????????????
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• ????????????? (X−1S (θ))?????????????????????
????????????
• ???? XS(θ)????? D ????????????????? D ??????
???????????????????????
??????????????????????????????????????????
????????????????????????CPU???????????????
??????????????????????????????????????????
????? (3.12)???????????? Xk,Wk ??? D ?????? (N + 2)???
????????????????????????????? D ???????????
??????????????????????????????????????????
??????????????????????????????????????????
? (3.12)???????????? XS(θ)??????????????????? 3.1?
???? F (θ)? X(θ)?????????????????????
3.4 ????????
????????????????????????????????????? 3.1??
?????????????? (3.5)???????????????? [34][35]??????
? 3.2??????????????????
3.4.1 ??????????????
?? 3.1 ?? X(θ) ? F (θ) ???????????????? 3.2 ? XS(θ) ?????
???????????????????????????????????????X(θ)
? F (θ)?????????????? 3.1????????????
?? 3.3 ??? (θ, ω) ∈ (Θval × Ωval) ??????????
X(θ)≫ 0, (3.13)
Q(θ) B1(θ) X(θ)C
T
1 (θ) −X(θ)
BT1 (θ) −γIr DT11(θ) 0
C1(θ)X(θ) D11(θ) −γIm 0
−X(θ) 0 0 0

+

B2(θ)F (θ)
0
D12(θ)F (θ)
In
G(θ, ω) [ In 0 0 −ϵIn ]+ (∗)T ≪ 0, (3.14)
20 ? 3? ??????? GS??????(
Q(θ) := −ω∂X(θ)
∂θ
+X(θ)AT (θ) +A(θ)X(θ)
)
,
??????? γ???????? ϵ??????????????? X(θ) ∈ Rn×n ?
??????? G(θ, ω) ∈ Rn×n ????????????? Fl{Σ,Γ} ???????
||Fl{Σ,Γ}||L2 < γ ????
?? ?? [34][35] ??????????? (3.5) ?? (3.14) ?????????????
??????
? (3.14)?????????????
B2(θ)F (θ)
0
D12(θ)F (θ)
In

⊥
=
 In 0 0 −B2(θ)F (θ)0 Ir 0 0
0 0 Im −D12(θ)F (θ)
 .
????????? (3.14)??????????????????????????????
(3.5)????
??? (3.5)????????X(θ) > 0?????? ϵB2(θ)F (θ)X(θ)0
ϵD12(θ)F (θ)X(θ)
(2ϵX−1(θ)) [ ϵX(θ)FT (θ)BT2 (θ) 0 ϵX(θ)FT (θ)DT12(θ) ] ≥ 0, (3.15)
?????????? ϵ??????ϵ?????????? (3.5)???????????
????????????????? Schur???????????
⋆11 B1(θ) ⋆13 −ϵB2(θ)F (θ)X(θ)
BT1 (θ) −γIr DT11(θ) 0
⋆T13 D11(θ) −γIm −ϵD12(θ)F (θ)X(θ)
−ϵX(θ)FT (θ)BT2 (θ) 0 −ϵX(θ)FT (θ)DT12(θ) −2ϵX(θ)
≪ 0,
⋆11 := −ω∂X(θ)
∂θ
+A(θ)X(θ) +X(θ)AT (θ) +B2(θ)F (θ)X(θ) +X(θ)F
T (θ)BT2 (θ),
⋆13 := X(θ)CT1 (θ) +X(θ)FT (θ)DT12(θ)
???????? (3.14)? G(θ, ω)??? G(θ, ω) = GT (θ, ω) = X(θ) ?????????
???
3.4.2 ?????????????????
?? 3.2?????? (3.1)????????????? DΣ ??? θ ?????????
??????????????? LPV????????????????????????
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??????????????????????????????????????????
???????????? Θval ???????DΣ ?????????? D
D := {θ = θ0, θ1, . . . , θN , θN+1 = θ}, N ≥ NΣ
???????????????D ????????? {θ1, . . . , θN}??? NΓ(≤ N)??
???????????????DΓ ??????
DΓ := {θ = θΓ0 , θΓ1 , . . . , θΓNΓ , θΓNΓ+1 = θ}, (3.16)
(θΓ0 < θ
Γ
1 < . . . < θ
Γ
NΓ < θ
Γ
NΓ+1, θ
Γ
∗ ∈ D).
???DΓ ??D?????? (???X(θ)??????)????????? Θval ???
???????????DΓ ??????????? F (θ)???????
? Θval = [0, 6], DΣ = {0, 6}??D = {0, 2, 4, 6},(NΣ = 0, N = 2)?????????
???DΓ ?????{0, 6}(NΓ = 0), {0, 2, 6}, {0, 4, 6}(NΓ = 1)??? {0, 2, 4, 6}(NΓ = 2)
????
???????? 3.3???????????????????????????????
[28]?????????? (3.14)?? G(θ, ω) ? ω ??????????? G(θ)???*3?
?? 3.1 ?? (i)? (ii)???????
(i) θ??????????????????? F (θ)??????????????? X(θ)?
???????? G(θ)????? γ,ϵ????????? (θ, ω) ∈ (Θval × Ωval) ????
? (3.13)(3.14)?????
(ii) Θval ??? DΣ?????????? D?? (3.16) ???????? DΓ?n ??
??? Xk(k = {0, 1, . . . , N + 1})?n ?????? GΓj (j = {0, 1, . . . , NΓ + 1})???
WΓj (j = {0, 1, . . . , NΓ + 1})????? γ,ϵ??????ω = ω, ω ???????????
?????
Xk > 0, k = 0, 1, ..., N + 1, (3.17)
Qcl(k) B1(k) S
T
k Rk
BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )

=: Jcl(k) < 0, k = 0, 1, ..., N, (3.18)
*3 ?? [29] ??????G ? ω ???????????????????????????????????
?????????????????
22 ? 3? ??????? GS??????
Q−cl(k) B1(k) S
T
k Rk
BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )
 < 0,
k = 1, 2, ..., N + 1, (3.19)
Jcl(k) +
1
2
(Lcl(k) + L
T
cl(k)) < 0, k = 0, 1, ..., N, (3.20)
???? Gk := GΓj +
θk − θΓj
θΓj+1 − θΓj
(GΓj+1 −GΓj ),
Wk :=W
Γ
j +
θk − θΓj
θΓj+1 − θΓj
(WΓj+1 −WΓj ),
(for k s.t. θΓj ≤ θk ≤ θΓj+1),
Qcl(k) := AkXk +XkA
T
k −
ω
∆θk
∆Xk +B2(k)Wk +W
T
k B
T
2(k),
Q−cl(k) := AkXk +XkA
T
k −
ω
∆θk−1
∆Xk−1 +B2(k)Wk +WTk B
T
2(k),
Rk := Gk −Xk − ϵB2(k)Wk,
Sk := C1(k)Xk +D12(k)Wk,
Lcl(k) :=

L11cl(k) ∆B1(k) 0 L
14
cl(k)
0 0 0 0
L31cl(k) ∆D11(k) 0 L
34
cl(k)
0 0 0 −2ϵ∆Gk
 ,
L11cl(k) := (∆AkXk +Ak∆Xk) + (∆B2(k)Wk +B2(k)∆Wk),
L31cl(k) := (∆C11(k)Xk + C11(k)∆Xk) + (∆D12(k)Wk +D12(k)∆Wk),
L14cl(k) := ∆Gk −∆Xk − ϵ(∆B2(k)Wk +B2(k)∆Wk),
L34cl(k) := −ϵ(∆D12(k)Wk +D12(k)∆Wk),
????Ak := A(θk)????B1(k) ?????????????????????∆???
??? (∆θk := θk+1 − θk,∆Xk := Xk+1 −Xk,∆Ak := Ak+1 −Ak ??)?
(ii) ????????(i) ????? X(θ) ? F (θ) ?????? (3.17)-(3.20) ?????
Xk(k = 0, 1, . . . , N + 1)???WΓj , GΓj (j = 0, 1, . . . , NΓ + 1)?????????????
??????? D ????? XS(θ)????????????
XS(θ) := Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
for θ ∈ [θk, θk+1], k = 0, 1, . . . , N.
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???? DΓ ?????WΓS (θ), GΓS(θ)????????????
WΓS (θ) :=W
Γ
j +
θ − θΓj
θΓj+1 − θΓj
(WΓj+1 −WΓj ),
GΓS(θ) := G
Γ
j +
θ − θΓj
θΓj+1 − θΓj
(GΓj+1 −GΓj ),
for θ ∈ [θΓj , θΓj+1], j = 0, 1, . . . , NΓ.
?? X(θ)????????????
X(θ) :=
1
l
∫ θ+ l2
θ− l2
XS(h)dh,
??? l ???????????????????????????? F (θ)???????
??????
F (θ) =WΓS (θ)G
Γ
S
−1
(θ). (3.21)
?? ? (3.13)(3.14) ???? 3.2 ???????????????????????
(ii)⇒(i) ??? [28] ?????? (3.13)(3.14) ? X(θ) → XS(θ), G(θ) → GΓS(θ), F (θ) →
WΓS (θ)G
Γ
S
−1
(θ) ?????????? D ?????? θ ∈ [θk − l2 , θk+1 + l2 ] ?????
???????????????????????? XS(θ) ??? (D) ??WΓS (θ) ???
GΓS(θ)??? (DΓ)??????????θk /∈ DΓ ?? GΓj ,WΓj ????????????
? Gk,Wk ??????????
(i)⇒(ii)? DΓ = D ???????????? D ???? (ii)?????????????
????????
3.4.3 ???????????
? (3.17)–(3.20)???*4????L2 ???????????????????? (3.21)?
????????????????????????????????
• ?????????? F (θ)?????Lyapunov?????????XS(θ)????
?????
• GΓ∗ ?????? (GΓ∗ = G)?????? (3.17)–(3.20)?????GΓS(θ)?????
??????? θ ??????????????????? F (θ)???????
*4 ??? (3.17)–(3.20) ? ϵ???????? LMI??????ϵ????????????????????
??? LMI????????????????? [35]?
24 ? 3? ??????? GS??????
?? 3.2?????? F (θ)????XS(θ)?????????????F (θ)?XS(θ)??
? D ??????????????????????????????? XS(θ)?????
?????????????????????????? (????????????)??
??????????????????????XS(θ)???D??????F (θ)????
??????????????WΓS (θ)??? GΓS(θ)??D ?????????? DΓ ??
??????????????? Lyapunov???????? XS(θ)??????????
????? DΓ ?????????????????????????? F (θ)??????
????
?????????????????????????????????????????
??????????????????????????????????????????
?????????? [26]???????????????????? Lyapunov????
????????????????????????????????????
???????????? (3.17)–(3.20) ?????? D ??????????????
DΓ ????????????????????????????????????????
??????? L2 ???? γ0 ???????????????????NΓ ???????
???????????????????DΓ ?????????????????????
????*5?????????????????????????? DΓ ?????????
????????????? L2 ???????????????????????????
??????? NΓ = 0 ??????????????????????????????
???
3.4.4 ???? LPV????????????
LPV?????????????? θ?????????????? (3.17)–(3.20)???
?????????????????? (3.21)????????????????? LPV?
??????????????????????????????????????????
?????????????????????????????????????? θ???
??? A(θ)??????????????? A¯(θ)????
A(θ) ∈ A¯(θ) + Ea∆aFa, ‖∆a‖∞ ≤ 1
?????????????????????? ∆a ∈ Rn
2×n2 ? A ??????????
????????????????? Ea, Fa ???????????????? (?? [37]
???)???????????????????LPV????? Fig. 3.1? LFT????
*5 ?????????????????????????????????????????????????
? [36](? 7.2.1????)?
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S(q)
G(q)
DS
Dp
1/k
D
M(q)
wS zS
u y
wp zp
Fig. 3.1 Generalized plant and perturbation ∆.
??????? Σ¯?????????????????????????
Σ¯ :

A¯(θ) B¯1(θ) Ea Eb1 Eb2 0 0 0 B¯2(θ)
C¯1(θ) D¯11(θ) 0 0 0 Ec1 Ed11 Ed12 D¯12(θ)
Fa 0 0 0 0 0 0 0 0
0 Fb1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Fb2
Fc1 0 0 0 0 0 0 0 0
0 Fd11 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Fd12
In 0 0 0 0 0 0 0 0

.
?? ∆Σ := diag(∆a,∆b1,∆b2,∆c1,∆d11,∆d12)?∆p ???????????????
????????∆ = diag(∆p,∆Σ), κ ?????????????????????
?????????? (3.17)–(3.20) ????????? M(θ) ? ‖M(θ)‖L2 < 1 ??
??????????????????? Fl{Σ¯,Γ} ????? ∆Σ ????????
‖Fu{Fl{Σ¯,Γ},∆Σ}‖L2 = ‖Fl{Σ,Γ}‖L2 < κ????????? ∆Σ ??????????
?????????????????????????????????????????
?? 3.1 ???????????E∗, F∗ ??? 0???????????M(θ) ? (1, 1)?
? ??? ‖M11(θ)‖L2 < 1?????????????????????????????
??????????????????????????????????????????
E∗ ??? F∗ ??????????????Fig. 3.1?? wΣ ?? zΣ ? L2 ???????
26 ? 3? ??????? GS??????
??????????????????????????????????????????
????????????????????????????????????DΣ ????
?????????????
?? 3.2 ???????????????? L2 ???????????????????
???????????????????????????? 3.1?????LMI?? (3.18)
??? (3.19)? ω = ω, ω ???????????????? Θval ???????ω, ω ??
?? 0??????????????????????? LMI??? 3.1?????????
AkXk +XkA
T
k +B2(k)Wk +W
T
k B
T
2(k) B1(k) S
T
k Rk
BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )
 < 0,
for k = 0, 1, ..., N + 1.
??? θk ∈ D ???????? Fk := WkG−1k ????????? H∞ ??????? γ
???????? LMI???????? DΣ ⊆ D ?????????? 3.1???????
????????? θΣk ???? ‖Fl{Σ(θΣk ), FΣk }‖∞ < γ ????????????? FΣk
?????????????????? θΣk ??????????????????????
?????????????H∞ ???????????????????? [20]?????
???????? H∞ ????????? L2 ????????????????????
???????? Σ??????? θ ∈ Θval ?????????????????????
L2 ??????????????????????
?? 3.3 ?????????????????????????????????????
?????????????????????????????
• ????????????????????????????????????
??????????????????????????????????????
?????????????????? 4 ???????????????????
???
• ??????????????????????????
??????????????????????????????????????
??????? (? 6 ????)????????????????????????
?????????????????? [38]?
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?????????????????? (θn ∈ Θval)?????????????θn ???
???????????????????????????????? 3.1?? (3.18)(3.19)
????k = n???? γ ? γn ??????γn ?????????????? γ ????
??????????????????????????????????????????
????????????????????????????????????
3.5 ???
?? LPV???????? [39]?{
x˙ = A(θ)x + B1(θ)w + B2(θ)u,
z = C1(θ)x + + D12(θ)u,
(3.22)
???
A(θ) =
[
0 1 + θ2
−4 + 0.1θ −5 + 0.2θ + 0.1θ2
]
B1(θ) = B2(θ) =
[
θ
1 + θ2
]
,
C1(θ) =
[
1 1
0 0
]
, D12(θ) =
[
0
1
]
.
????????? Θval = [−3, 3],Ωval = [−1.5, 1.5]????
???????????????
z =
1
∆(s, θ)
[
(θ2 + θ + 1)s+ θ4 − 0.1θ3 + 1.9θ2 + θ + 1
1
] [
w
u
]
,
(
∆(s, θ) = s2 − (0.1θ2 + 0.2θ − 5)s− (θ2 + 1)(0.1θ − 4)) ,
???????????????
s =
0.1θ2 + 0.2θ − 5±√(0.1θ2 + 0.2θ − 5)2 + 4(θ2 + 1)(0.1θ − 4)
2
??????? θ ∈ Θval ????????????? θ = 0??? s = −1??θ = − 111 ?
?? s = − 122121 ??? (???)????????????????????
?????????????? L2 ????????????????????? F (θ)
???????????????????????? Lyapunov ???????????
??? 31(NΣ = N = 29) ???????????????????????A(θ) ???
28 ? 3? ??????? GS??????
B1(θ) = B2(θ)???????????????
A(θ) ∈ A¯(θ) + Ea∆aFa
=
[
0 1 + f¯(θ)
−4 + 0.1θ −5 + 0.2θ + 0.1f¯(θ)
]
+
[
1
0.1
]
∆a
[
0 0.01
]
, (3.23)
B1(θ) ∈ B2(θ) = B¯(θ) + Eb∆bFb
=
[
θ
1 + f¯(θ)
]
+
[
0
1
]
∆b · 0.01, (3.24)
‖∆a‖∞ ≤ 1, ‖∆b‖∞ ≤ 1.
??? f¯(θ)??θ2??????? 31?????????????????????????
?? A(θ)??? B1(θ)?????∆a = ∆b ∈ R1×1 ??????∆Σ ????? repeated
scalar????????
?????????????? GΓS(θ) ????????? (GΓS(θ) = GΓ∗ = G) ????
?????????????NΓ = 0(???? 2: DΓ = {−3, 3})?NΓ = 1(???? 3:
DΓ = {−3, 0, 3}) ? 2???????????????????? L2 ??????????
???????????????? Table 3.1 ???????????? LPV ??????
???????? θ ∈ Θval ?????????????????????????????
????????????????????
3.5.1 ?? [39]??????
?? [39]?????????????????????????????????????
?????????????????????????????? LPV?????????
??????????????????????????? (3.22) ???????????
???????????????
??????? NΓ = 0????????? [39]?????? L2 ???????? (0.5%
??)?????????NΓ = 1??? 20%???????????? [39]??? NΓ = 1
?????????????????? θ(t)??? w(t)????????????????
Fig. 3.2??? Fig. 3.3????
θ(t) = 3 sin(0.5t),
w(t) =
{
exp(−2(t− 2)) sin(5(t− 2)), 2 ≤ t ≤ 6,
0, otherwise.
?? z1(t)???????????????????????????
3.5 ??? 29
Table 3.1 Minimized upper bound of L2 gain in each case.
Reference [39] Reference [28]
Proposed method
(GΓS(θ) = G
Γ
∗ = G)
NΓ = 0 NΓ = 1
1.2441 0.9881 1.2501 0.9991
0 2 4 6 8 10
-0.1
0
0.1
0.2
Time [sec]
Proposed method
Reference [39]
Fig. 3.2 Response of z1(t).
3.5.2 ?? [28]??????
????? 3.1 ???????? [28] ??????????????????????
??????????????????????????NΣ = N = 29 ???????
(3.23)(3.24)????????????????? [28]????? NΓ ??? N ?????
???
Table 3.1???????????? NΓ = 1?????? [28]????????????
??????
3.5.3 ????????????????
?????????????????????????????????????????
??????:
30 ? 3? ??????? GS??????
0 2 4 6 8 10
-0.6
-0.4
-0.2
0
0.2
Time [sec]
Proposed method
Reference [39]
Fig. 3.3 Response of z2(t).
??? [39]???
F (θ) = (Y0 + θY1)(X0 + θX1)
−1, (3.25)
(X∗ ∈ R2×2, Y∗ ∈ R1×2).
??? [28]???
F (θ) =WS(θ)X
−1
S (θ), (3.26)
??? XS(θ) = Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
WS(θ) =Wk +
θ − θk
θk+1 − θk (Wk+1 −Wk),
for θ ∈ [θk, θk+1], k = 0, . . . , 29.
(X∗ ∈ R2×2,W∗ ∈ R1×2).
????? (NΓ = 1, GΓS(θ) = GΓ∗ = G)
F (θ) =WΓS (θ)G
Γ
S
−1
(θ)
=
{ {WΓ0 + θ+33 (WΓ1 −WΓ0 )}G−1,−3 ≤ θ ≤ 0,
{WΓ1 + θ3 (WΓ2 −WΓ1 )}G−1, 0 ≤ θ ≤ 3,
=
{
F0 +
θ+3
3 (F1 − F0), −3 ≤ θ ≤ 0,
F1 +
θ
3 (F2 − F1), 0 ≤ θ ≤ 3,
(3.27)
(F∗ ∈ R1×2).
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Table 3.2 Number of real parameters required for implementation.
Reference [39] Reference [28]
Proposed method
(NΓ = 1, G
Γ
∗ = G)
n(2p+ n+ 1) n(p+ n+12 )(N + 2) pn(NΓ + 2)
=10 =155 =6
????????????????????????Table 3.2?????????????
???????????????? (3.25)????????????????? 10 ????
???????? (3.27)?? 6????????? 40%?????????? [39]????
????????????????????????????????
??? (3.26) ????????? 155 ???????????? 25 ?????????
?????????????Lyapunov??????? N ????????? NΓ ????
????????????????? [28]??????Lyapunov????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????? NΓ ?????
????????????Lyapunov?????????????????????????
??????????????????????????????????????????
???????????????????????????
????????????????????????????????????
(3.25)(3.26)??????????θ ?????????????????????????
??????????????????????????????????????????
????????????????????? (3.27) ?????????????????
??????????????????????????????????????????
???????????????????????????????
3.6 ????
????????????????????????????????????? Lyapunov
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
????????????? 4?????????

33
? 4?
????: ???????????
??
4.1 ????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??[40]??????????????????????????????????????
????????????????????????????????
????????????????????????????????????? (JAXA)
??????????? (ETS: Engineering Test Sattelite) VI???? 6? (ETS-VI)??
???????????? FLEX (FLexible EXperiments)? 1995??????? [41, 42]?
FLEX ????H∞ ????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????
??????????????2006 ?????????????????? 8 ? (ETS-
VIII)?????????????????????? [43]?2009? 6 ???? 2010? 3?
???????FLEX????????????????????????????????
??????????????????????????????????????????
????????????????????????
?????????????????????GS??????????????????
34 ? 4? ????: ?????????????
Fig. 4.1 On-orbit configuration of ETS-VIII.
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????? GS?????????????
?????????????????????
4.2 ?? 8???????????
4.2.1 ?? 8?????
????????????? 8???2006? 12?? H-IIA???? 11????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????? 8????? 3?????? 40m???????
????? 2 ??????????? 2 ???????????????????????
?????????????? 24?????????? (Fig. 4.1).
4.2.2 ?? 8????????
?? 8?? 2009? 12?? 3??????????????? 1???????????
??????????????????????????????????????????
4.2 ?? 8??????????? 35
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Fig. 4.2 Attitude control system of ETS-VIII.
??????????????????????????????????????????
??????????????????????????????????????
• ??????????????
• ???????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????? ???????????????????
??????????????????????????????????????????
????????? JAXA?????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????
?????????????????????????????????????????
???????????????????????????????? GS????????
???????????????????????????
36 ? 4? ????: ?????????????
4.2.3 ?????
???????????????????? Fig. 4.2????
???
?????????????? (ESA)??????? (FSS) ????????????
(RIGA)??????????????????????????????????????
??????????
???
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????
??????????????????????? (?????):
• PD??? +LPF (????????)
• DDFB (Dynamic Displacement FeedBack)???
• µ???????? [44]
• GS???
• DVDFB (Direct Velocity and Displacement FeedBack) ??? [45]
???? PD??? +LPF?????????????????????????????
?????????????????????????GS???????????????
?????????????. ??????????DDFB??????????
???????
?????????? 4 ???????????? (RW1?RW4) ??????????
?????????? ±0.04 Nm ??????????????????????????
??????????????????????????????????????????
???
??????????????????????????? 22 N???????? 12?
?????????????????????????????????? 8???????
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????? 4????????????????????????????????????
4.3 ????????
? 3???????????????????????????????????????
???? GS?????????
? 3??????? LPV?????????
Σ :
 x˙ = A(θ)x+B1(θ)w +B2(θ)u,z = C1(θ)x+D11(θ)w +D12(θ)u,
y = C2(θ)x+D21(θ)w +D22(θ)u,
(4.1)
??? x ∈ Rn ??????????w ∈ Rr ??????u ∈ Rp ??????z ∈ Rm ?
????? y ∈ Rq ????????????????????????????????
(D22(θ) = 0)??????????????????????? θ(t) ∈ R1 ???????
??????????????????????????
θ(t) ∈ Θval := [θ, θ],
θ˙(t) = ω(t) ∈ Ωval := [ω, ω].
? (4.1)?????????? θ ??????????????????? A(θ)?
A(θ) = AΣi +
θ − θΣi
θΣi+1 − θΣi
(AΣi+1 −AΣi ), (4.2)
θ ∈ [θΣi , θΣi+1], i = 0, 1, . . . , NΣ,
?????????? θΣi ?A(θ)??????? (θ = θΣ0 < θΣ1 < . . . < θΣNΣ < θΣNΣ+1 = θ)?
????? Θval ?????? DΣ = {θ = θΣ0 , θΣ1 , . . . , θΣNΣ , θΣNΣ+1 = θ}?????????
???????? DΣ ?????????????
?????????????????
Γ :
{
x˙c = Ac(θ)xc +Bc(θ)y,
u = Cc(θ)xc,
(4.3)
??????? xc ∈ Rn ???????????????????? (= n)????? 3?
?????LPV????????? L2 ???????????? [27]?????????
??????????????
?? 4.1 ??? (θ, ω) ∈ (Θval × Ωval) ???????????????
Ycl(θ)≫ 0, (4.4)
38 ? 4? ????: ????????????? Qcl(θ, ω) Ycl(θ)CTcl(θ) Bcl(θ)Ccl(θ)Ycl(θ) −γIm Dcl(θ)
BTcl(θ) D
T
cl(θ) −γIr
≪ 0, (4.5)
??????? γ ??????????????? Ycl(θ) ∈ Rn×n ????????Σ? Γ
???????????????? ||Tzw||L2 < γ ???????
Qcl(θ, ω) := −ω∂Ycl(θ)
∂θ
+Acl(θ)Ycl(θ) + Ycl(θ)A
T
cl(θ),
Acl(θ) :=
[
A(θ) B2(θ)Cc(θ)
Bc(θ)C2(θ) Ac(θ)
]
,
Bcl(θ) :=
[
B1(θ)
Bc(θ)D21(θ)
]
,
Ccl(θ) :=
[
C1(θ) D12(θ)Cc(θ)
]
,
Dcl(θ) := D11(θ),
????? Ycl(θ)??????? xT (t)Ycl(θ(t))x(t)??????? Lyapunov??????
? 3????????????????????? [35] ???????????????
??? [28] ????????????????????????????????????
?????????????????Bc(θ)C2(θ)Ycl(11)(θ)*1??????????????
????????????????? [28] ??????????????????????
Bc(θ)??? Ycl(11)(θ)????? C2(θ)???????????? 3.1?????????
? (F (θ)G(θ) =W (θ))??????????????????????????? Bc(θ)?
?????????????????????????????????????????
????????????????????????????????????? Ac(θ) ?
Cc(θ)?????????????
?? 3.1 ???DΣ ???????? D (D = {θ = θ0, θ1, . . . , θN , θN+1 = θ}) ??Θval
?????? D ?????????? DΓ ??????
DΓ = {θ = θΓ0 , θΓ1 , . . . , θΓNΓ , θΓNΓ+1 = θ},
DΓ ⊆ D (NΓ ≤ N). (4.6)
????????? DΓ ??????????????? Γ?????
?? 4.1 ?? DΣ ??? D(D = {θ0, θ1, . . . , θN , θN+1})?? (4.6) ???????? DΓ?
???? Yk, Sk(k = {0, 1, . . . , N + 1})??? GΓj , V Γj ,WΓj (j = {0, 1, . . . , NΓ + 1}), Bc ?
??? ϵ, γ ????????? (4.7)–(4.10) ? ω = ω, ω ??????????????
*1 Ycl(11) ? Ycl ? (1,1)??????
4.3 ???????? 39[
Yk Sk
Sk Sk
]
> 0, k = 0, 1, . . . , N + 1, (4.7)

Q11cl(k) Q
12
cl(k) U
1
k
T
B1(k) R
1
k −ϵB2(k)Wk
Q12cl(k)
T
Q22cl(k) U
2
k
T
BcD21(k) −ϵVk R2k
U1k U
2
k −γIm D11(k) −ϵD12(k)Wk −ϵD12(k)Wk
BT1(k) D
T
21(k)B
T
c D
T
11(k) −γIr 0 0
R1k
T −ϵV Tk −ϵWTk DT12(k) 0 −ϵ(Gk +GTk ) 0
−ϵWTk BT2(k) R2k
T −ϵWTk DT12(k) 0 0 −ϵ(Gk +GTk )

=: Jcl(k) < 0, k = 0, 1, . . . , N, (4.8)
Q
11(−)
cl(k) Q
12(−)
cl(k) U
1
k
T
B1(k) R
1
k −ϵB2(k)Wk
Q
12(−)
cl(k)
T
Q
22(−)
cl(k) U
2
k
T
BcD21(k) −ϵVk R2k
U1k U
2
k −γIm D11(k) −ϵD12(k)Wk −ϵD12(k)Wk
BT1(k) D
T
21(k)B
T
c D
T
11(k) −γIr 0 0
R1k
T −ϵV Tk −ϵWTk DT12(k) 0 −ϵ(Gk +GTk ) 0
−ϵWTk BT2(k) R2k
T −ϵWTk DT12(k) 0 0 −ϵ(Gk +GTk )

< 0, k = 1, 2, . . . , N + 1, (4.9)
Jcl(k) +
1
2
(Lcl(k) + L
T
cl(k)) < 0, k = 0, 1, . . . , N, (4.10)
Lcl(k) :=

L11cl(k) L
12
cl(k) 0 ∆B1(k) L
15
cl(k) L
16
cl(k)
L21cl(k) L
22
cl(k) 0 Bc∆D21(k) −ϵ∆Vk L26cl(k)
L31cl(k) L
32
cl(k) 0 ∆D11(k) L
35
cl(k) L
36
cl(k)
0 0 0 0 0 0
0 0 0 0 −ϵ∆Gk 0
0 0 0 0 0 −ϵ∆Gk

(4.4)–(4.5)??????? Ycl(θ), Ac(θ), Cc(θ)?????????
Gk :=

GΓj , (if θk = θ
Γ
j ∈ DΓ),
GΓj +
θk−θΓj
θΓj+1−θΓj
(GΓj+1 −GΓj ),
(otherwise; θΓj < θk < θ
Γ
j+1)
Vk :=

V Γj , (if θk = θ
Γ
j ∈ DΓ),
V Γj +
θk−θΓj
θΓj+1−θΓj
(V Γj+1 − V Γj ),
(otherwise; θΓj < θk < θ
Γ
j+1)
Wk :=

WΓj , (if θk = θ
Γ
j ∈ DΓ),
WΓj +
θk−θΓj
θΓj+1−θΓj
(WΓj+1 −WΓj ),
(otherwise; θΓj < θk < θ
Γ
j+1)
40 ? 4? ????: ?????????????
Q11cl(k) := AkYk + YkA
T
k +B2(k)Wk +W
T
k B
T
2(k) −
ω
∆θk
∆Yk,
Q
11(−)
cl(k) := AkYk + YkA
T
k +B2(k)Wk +W
T
k B
T
2(k) −
ω
∆θk−1
∆Yk−1,
Q12cl(k) := AkSk + YkC
T
2(k)B
T
c +B2(k)Wk + V
T
k −
ω
∆θk
∆Sk,
Q
12(−)
cl(k) := AkSk + YkC
T
2(k)B
T
c +B2(k)Wk + V
T
k −
ω
∆θk−1
∆Sk−1,
Q22cl(k) := BcC2(k)Sk + SkC
T
2(k)B
T
c + Vk + V
T
k −
ω
∆θk
∆Sk,
Q
22(−)
cl(k) := BcC2(k)Sk + SkC
T
2(k)B
T
c + Vk + V
T
k −
ω
∆θk−1
∆Sk−1,
R1k := G
T
k − Sk − ϵB2(k)Wk,
R2k := G
T
k − Sk − ϵVk,
U1k := C1(k)Yk +D12(k)Wk,
U2k := C1(k)Sk +D12(k)Wk,
L11cl(k) := (∆AkYk +Ak∆Yk) + (∆B2(k)Wk +B2(k)∆Wk),
L12cl(k) := (∆AkSk +Ak∆Sk) + (∆B2(k)Wk +B2(k)∆Wk),
L21cl(k) := Bc(∆C2(k)Yk + C2(k)∆Yk) + ∆Vk,
L22cl(k) := Bc(∆C2(k)Sk + C2(k)∆Sk) + ∆Vk,
L15cl(k) := ∆G
T
k −∆Sk − ϵ(∆B2(k)Wk +B2(k)∆Wk),
L16cl(k) := −ϵ(∆B2(k)Wk +B2(k)∆Wk),
L26cl(k) := ∆G
T
k −∆Sk − ϵ∆Vk,
L31cl(k) := (∆C1(k)Yk + C1(k)∆Yk) + (∆D12(k)Wk +D12(k)∆Wk),
L32cl(k) := (∆C1(k)Sk + C1(k)∆Sk) + (∆D12(k)Wk +D12(k)∆Wk),
L35cl(k) := −ϵ(∆D12(k)Wk +D12(k)∆Wk)
L36cl(k) := L
35
cl(k)
??????? Ak := A(θk)????B1(k) ?????????????????????∆
?????? (∆θk := θk+1 − θk,∆Xk := Xk+1 −Xk,∆Ak := Ak+1 −Ak ??)?
4.3 ???????? 41
???? Ycl(θ)?Ac(θ)??? Cc(θ)???????????
Ycl(θ) =
[
Y (θ) S(θ)
S(θ) S(θ)
]
, (4.11)
Y (θ) =
1
l
∫ θ+ l2
θ− l2
YS(h)dh,
S(θ) =
1
l
∫ θ+ l2
θ− l2
SS(h)dh,
Ac(θ) = V
Γ
S (θ)G
Γ
S
−1
(θ),
Cc(θ) =W
Γ
S (θ)G
Γ
S
−1
(θ),
??? l????????????
YS(θ) := Yk +
θ − θk
θk+1 − θk (Yk+1 − Yk),
SS(θ) := Sk +
θ − θk
θk+1 − θk (Sk+1 − Sk), for θ ∈ [θk, θk+1],
V ΓS (θ) = V
Γ
j +
θ − θΓj
θΓj+1 − θΓj
(V Γj+1 − V Γj ),
WΓS (θ) =W
Γ
j +
θ − θΓj
θΓj+1 − θΓj
(WΓj+1 −WΓj ),
GΓS(θ) = G
Γ
j +
θ − θΓj
θΓj+1 − θΓj
(GΓj+1 −GΓj ), for θ ∈ [θΓj , θΓj+1]
????
?? ?? A????
?? 4.1 ??? (4.7)–(4.10) ???? ϵ ????? Wk ??? Gk ??????????
LMI??????ϵ?????????????????????? LMI????????
????????
?? 4.2 ?? 3.1??????? 4.1?????? θΣk ???? ‖Fl{Σ(θΣk ),Γ(θΣk )}‖∞ < γ
???????????? Γ(θΣk ) ??????????????????????????
??? Σ????????????????????? (?????????? 3.3???)?
??????????????????????????????????????????
????????????????
42 ? 4? ????: ?????????????
?????? Ac(θ)??? Cc(θ)??? DΓ ????????? DΣ ??? D ?????
??DΓ ????????????????????????????????????D?
??????????????????????????????????????????
??????????????????????????????????????????
? 4.1?????GΓ∗ ?????? (GΓ∗ = G)?????? (4.7)–(4.10)?????????
?? Ac(θ)??? Cc(θ)? θ ????????????????????????????
??????????????????????????
???????????????? Bc ???????????????????????
??Bc ??????????????????????????????????????
?????
4.4 ?? 8?????
?? 4.1??????????? 8?????????????????????????
????????????????????????
4.4.1 ???????????: ????????
????????????? 8???????? 2?????????? 2???????
??????????? (Fig. 4.3)????????? 24??? 1?????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
???????????????????????? [46]???????????????
?????????????????????????????????????????
???????????????????????????????? [47]?
???????????????????????????????????????
[48]*2????????????????????????????????????????
J(θ)Ψ¨ +
∑
i
Pi(θ)µ¨
(i) = u, (4.12)
*2 ?????????????????????? (4.13) ???????? µ˙(i) ?????????????
?????????????????????????????????????????????????
????????????????????????????????? (4.16)?????????????
???? (????? [49]?????)?
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Pitch
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South Paddle B Antenna
A Antenna
North Paddle
θ
Fig. 4.3 Satellite configuration.
?
PTi (θ)Ψ¨ + µ¨
(i) +Ω2iµ
(i) = 0,
(i = n, s, a, b),
(4.13)
??? Ψ ∈ R3×1 ????????????(µ(n), µ(s)) ??? (µ(a), µ(b)) ???/???
?????????? A/B???????????????????? (µ(i) ∈ Rnv(i)×1)?
nv(i) ????? (i) ??????????Ωi ∈ Rnv(i)×nv(i) ? µ(i) ?????????
?????????? J(θ) ∈ R3×3 ????? (????????) ?????????
Pi(θ) ∈ R3×nv(i) ????????????????????? u ∈ R3×1 ???????
?????????????????????????? (y = [ΨT , Ψ˙T ]T ∈ R6×1)????
?????????????????????J(θ)??? Pi(θ)????? θ ??????
??????? J(θ)??????????????Pi(θ)??? Ωi ???????????
???????????????????????
? (4.12)(4.13)????????????
M(θ)q¨ +Kq = Hu, y =
[
HT 0
0 HT
] [
q
q˙
]
, (4.14)
???
q =
[
ΨT µ(s)
T
µ(n)
T
µ(a)
T
µ(b)
T
]T
∈ R(3+Σinv(i))×1
44 ? 4? ????: ?????????????
???????? (4.14)???????????????????????? q ?????
??????????????????????????????????????????
??????q ??????????? (4.14) ?????????????????
4.4.2 ???????????: ?????????
?????????????????????????????????????????
??????????????????????????????????
??????????? η ∈ R3+Σinv(i) ??????
η := φ−1(θ)q, φ(θ) =
[
φ1(θ) φ2(θ) . . . φ3+Σinv(i)(θ)
]?
??? φi(θ) ?? (4.14) ?????????????????????????????
???
Kφi(θ) = σ
2
i (θ)M(θ)φi(θ), (i = 1, ..., 3 + Σinv(i)). (4.15)(
σ21(0) ≤ σ22(0) ≤ · · · ≤ σ23+Σinv(i)(0)
)
K ?M(θ)???????M(θ)????????????? σ2i (θ)??????????
???????
φT (θ)M(θ)φ(θ) = I3+Σinv(i), φ
T (θ)Kφ(θ) = diag{σ2i (θ)} := Σ2(θ).
???????? q ?? η ??????????????? ∆(θ)η˙ ??????????
???????????  η¨ +∆(θ)η˙ +Σ
2(θ)η = Φ(θ)u,
y =
[
ΦT (θ) 0
0 ΦT (θ)
] [
η
η˙
]
,
(4.16)
Φ(θ) := φT (θ)H, ∆(θ) := diag{2ζiσi(θ)}.
?????????? ∆???????????? σi ???????? (???? 2ζi)??
?*3??????? (4.16)??????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????
? (4.15)? θ??????????????????????? θ???????????
?????????????????????? (4.16)???????∆(θ),Σ2(θ),Φ(θ)?
? θ??????????????? θ????????????????????????
*3 ?????????????????????????????????????????????????
? 8???????????????
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Fig. 4.4 Paddle angle dependence of Σ2.
?????????Σ2(θ)???? σ2i (θ)??????????????? (σi = 0, i = 1, 2, 3)
??????? 5??????? θ???? Fig. 4.4??????????????????
????????????????????????????????????
4.4.3 ??????????
????????????? Fig. 4.4?????????????????????? 0?
??? 180?????????????????? 8????90???? 270??????
??????????????????? (?? B???)???????????????
??? θ ?????? θ ∈ [0, 90] =: Θval ?????
????? (4.16)?????????????????????????????????
??????????????????????????????????????????
????????? Σ? ∆??????????????? σi ????????????
??????????????[
η¨rom
η¨res
]
+
[
∆rom(θ) 0
0 ∆res(θ)
] [
η˙rom
η˙res
]
+
[
Σ2rom(θ) 0
0 Σ2res(θ)
] [
ηrom
ηres
]
=
[
Φrom(θ)
Φres(θ)
]
u,
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Fig. 4.5 Gain plots of the first vibration mode at each paddle angle.
y =
[
ΦTrom(θ) 0
0 ΦTrom(θ)
] [
ηrom
η˙rom
]
+
[
ΦTres(θ) 0
0 ΦTres(θ)
] [
ηres
η˙res
]
.
??? (∗)rom ???????? (?????)?????(∗)res ?????? (??????
?????????)??????? 8?????????????????? 32?????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????
?????????????????????????????????{
x˙rom = Arom(θ)xrom +Brom(θ)u,
yrom = Crom(θ)xrom,
(4.17)
???
xrom = [η
T
rom, η˙
T
rom]
T ∈ R8×1,
Arom(θ) =
[
0 I4
−Σ2rom(θ) −∆rom(θ)
]
,
Brom =
[
0
Φrom(θ)
]
, Crom =
[
ΦTrom(θ) 0
0 ΦTrom(θ)
]
.
????????? (??????) ????????????? LPV ?????????
??Fig. 4.5????????????????????????????????????
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Fig. 4.6 Poles and zeros of the low-order model from θ = 0 to θ = 90.
???????????????????????????????????? LPV???
??????????????????????????????????????????
??????????????????????????????
? 4.2.3?????????? 8????????? (=3?)?????????????
??????????????????????????????????????????
?????? [50]??????????????????????????????????
??????????????????????????????????????????
????????? [51]??? 8???????????????????????????
???????????????????????? 8?????????????????
????????????????????????? 0??? 90???????????
??????? (4.17)??????????? Fig. 4.6????????????????
????????? 4?????? 1????????? 1???????.
4.4.4 ????????????????
? (4.17)?????????????? 4.1?????????????????? (4.2)
???????????????????? 9 ?????????????? (NΣ = 7) ?
48 ? 4? ????: ?????????????
?????????????????????? θ ???????????????
DΣ := {0, 11.25, 22.5, 33.75, 45, 56.25, 67.5, 78.75, 90}
= {θΣ0 , θΣ1 , θΣ2 , θΣ3 , θΣ4 , θΣ5 , θΣ6 , θΣ7 , θΣ8 }.
??????????????????3.4.4??????????????????A??
? (8,4)??????????????????????????????????????
?????????? A???????????????
Arom(θ) ∈ A¯rom(θ) + EaδA84Fa, |δA84 | ≤ 1,
Ea = [01×7, emax,01×6]T , Fa = [01×3, 1,01×10].
A¯rom(θ)? Arom(θ)????? θ ???????????????emax ? θ ∈ Θval ???
?????????????Fig. 4.7?????????????????????????
??????????????????????????????????????????
? δA84 = ±1?????????????|δA84 | ≤ 1??????????????????
????????????????????????????? δA84 ??????????
?????????????????????????
Σ¯(θ) :=
 A¯rom(θ) B¯rom(θ) EaC¯rom(θ) D¯rom(θ) 0
Fa 0 0
 .
A¯rom(θ) ?????B¯rom(θ), C¯rom(θ), D¯rom(θ) ???????????????????
???
4.4.5 ???????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????
Fig. 4.8????? θ ∈ Θval ???????????????????????W (s)?
??????. ???????????????????????????????????
?????????
4.4.6 ???????
????????????????????????????????????????
???????? Fig. 4.9???????W ????????????Γ(θ)???????
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Fig. 4.7 The (8,4)’th element of A(θ) (solid line) and the approximate matrix (bro-
ken line). The dotted lines represent the values at δA84 = ±1.
?????????????Λ??? η ????????????? u?????????
???????????w1 → z1 ???????????????????????????
w2 → z2 ????????????w2 → z3 ???????????w3 → z4 ??????
????????????????
?????????????????????????? θ ∈ Θval ?????
||Tzw||L2 < 1,
w = [w1, w2, w3]
T , z = [z1, z2, z3, z4]
T ,
(4.18)
??? [w1, w2, w3]T ?? [z1, z2, z3, z4]T ???????? L2 ???? 1????????
??????????????????????????????
4.4.7 ?????????
?? 1???? (4.7)–(4.10) ?????????????????????????? Bc
?????????????? (4.18)??????????? θ ????????????
??? H∞ ????????????????????? θ = 0 ???????????
???? Bc ????????? Ycl(θ)?????????????? (D = DΣ)????
?????????????????????????????????????????
(NΓ = 0, D
Γ = {0, 90})???????????????????????????????
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Fig. 4.8 Weighting function and singular values of the residual modes.
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Fig. 4.9 Generalized plant and controller Γ(θ).
?? GΓ0 = GΓ1 (= G)????????????
??????????? 8?????????????? (4.7)–(4.10)?????????
???? L2 ???? 1???????????????????????????????
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Fig. 4.10 Some elements in the extended matrix Cc(θ) for θ ∈ [0, 360].
???????????????
Ac(θ) =
{
V Γ0 +
θ
90
(V Γ1 − V Γ0 )
}
G−1
= Ac1 · θ
90
+Ac0 · (1− θ
90
), (4.19)
Cc(θ) =
{
WΓ0 +
θ
90
(WΓ1 −WΓ0 )
}
G−1
= Cc1 · θ
90
+ Cc0 · (1− θ
90
), (4.20)
(θ ∈ [0, 90]).
????????????? θ????????????????????????????
??????????????????????????????? (Ac0, Cc0)?(Ac1, Cc1)
??????????????????????????????????????????
????? θ ∈ [0, 360]???????????????????????????????
???????????θ ???????? Cc(θ)??????? Fig. 4.10????
4.4.8 ????????
????? GS??????????????????????????????????
?????????????????????????? 1???????????? (??
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Table 4.1 Processing time and required memory size of each control law.
processing required memory
time [msec] size [byte]
PD+LPF 0.07 668
Gain scheduling 1.40 4140
µ synthesis 2.28 7948
DVDFB 3.20 14780
???????????)?????Table 4.1????????????????µ????
???????????????GS?? 1.6????????DVDFB?????????
??????????????????????????????????????????
???????????GS??? 2.2????????????????????????
??? 2 msec ???????????????????????????????µ???
??????????????? 16 Hz?? 8 Hz??????DVDFB?????????
????????????????????????????????GS????????
???? 3?5 ??????????????????? GS??????????????
??????????????????????????????????????????
???
4.5 ???????
??????????? 1?? 2009? 6? 21??? 29??? 2?? 2010? 2? 28?
?? 3? 8?????????????????? 1?????????????
4.5.1 ??????
???????????? 4.2.3????? 5????????????????????
???? 1??????????? 3??????? 2????? 6???????????
• ?????? (??????)
?? 8 ???????????????????????????????????
?????? Fig. 4.11????? ± 0.05 ???????????????????
????????????????????????? 1???????? 45???
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Fig. 4.11 Step commands.
?*4?????????????????????????? 60?????????
2???????? 86.25???????????????????????????
??? 101.25????????
• ??????? (??????????)
???????????????????????????????????????
???????????????????????????????????????
??? ±0.05 ????????????????????????????????
???????????????????????????????????????
????? 1???????? 75?????????????????????? 80
????????? 2???????? 135???????????????????
??? 140????????
• ??????? (???????)
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????? 1??????? 120???????????????
?????? 130 ?????? 2??????? 150??? 160?????
????? 1????????????????????? (??????????) ?GS
?????????????????????? PD??? +LPF???????????
*4 ????????????????????????????????????????????
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Fig. 4.12 Step responses of roll and pitch angle with corresponding input signals.
The paddle rotation angle θ = 45 at t = 0. Solid lines: GS controller. Dotted lines:
PD+LPF.
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Fig. 4.13 Step responses of roll and pitch angle with corresponding input signals.
The paddle rotation angle θ = 45 at t = 0. Solid lines: GS controller. Dotted lines:
PD+LPF.
4.5.2 ?????? (??????)
?????? 1?????????????? Fig. 4.12??2??? Fig. 4.13?????
?? GS?????? PD?? +LPF??????????? GS???? PD?????
?????????????????????????????????????????
???
?????? (1??)????????? 5%????????????????????
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Table 4.2 Settling time to within 5% .
settling time [sec]
PD+LPF 272
Gain scheduling 144
µ synthesis 153
DVDFB 132
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Fig. 4.14 Impulse disturbance responses of roll and pitch angle with corresponding
input signals. The paddle rotation angle θ = 75 at t = 0. Solid lines: GS controller.
Dotted lines: PD+LPF.
?? Table 4.2?????????????? PD?? +LPF???????? 47%???
????????????????????????????????µ?????????
???????????????DVDFB??????? 4%??????????????
???????????
4.5.3 ??????? (??????????)
??????????????????????? 1??? Fig. 4.14??2??? Fig. 4.15
???????? PD????????GS??????????????????????
???? 1 ??? 2 ??????????PD ????????????????????
GS??????????????????????????????????????
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Fig. 4.15 Impulse disturbance responses of roll and pitch angle with corresponding
input signals. The paddle rotation angle θ = 135 at t = 0. Solid lines: GS controller.
Dotted lines: PD+LPF.
4.6 ????
??????? 8 ????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???? GS????????????????????????????????????
??????
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5.1 ????
?????????????????????????????????????????
???????????????????????????????????????? 1960
?????? [52]?????? [53, 54]???????? [55, 56]????????????
????????????????????? (LQR)?????????????????
?? H2 ?? [57, 58, 59]? H∞ ?? [60, 61]?????????????????????
???????????????????????????? [62]?????????? [63]
??????? [64, 65] ???????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????? [66]??????????? (?? C??)?
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
58 ? 5? ???????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????
5.2 ????
??????????????? S ?????
S :
 x(k + 1) = Ax(k) +B1w(k) +B2u(k)z(k) = C1x(k) +D11w(k) +D12u(k)
y(k) = C2x(k) +D21w(k) +D22u(k)
(5.1)
??? x(k) ∈ Rn, u(k) ∈ Rp, w(k) ∈ Rr, z(k) ∈ Rm, y(k) ∈ Rq ????? k ?????
??????????????????????????????????????? w(k)
??????k ?????? k + h ?????????????????????????
?????????????????
xd(k) :=
[
wT (k) wT (k + 1) . . . wT (k + h)
]T ∈ Rr(h+1)
??k ????????????????????? h ????????????????
xd(k) ????? w(k)????????????? w(k+ h+1)????????????
??????
xd(k + 1) = Adxd(k) +Bdw(k + h+ 1), (5.2)
w(k) = Cdxd(k), (5.3)
Ad :=

0 Ir 0 · · · 0
0 0
. . . 0
...
...
. . .
. . .
...
0 · · · · · · 0 Ir
0 0 · · · 0 0
 ∈ R
r(h+1)×r(h+1),
Bd :=
[
0 0 . . . 0 Ir
]T ∈ Rr(h+1)×r,
Cd :=
[
Ir 0 . . . 0 0
] ∈ Rr×r(h+1).
5.2 ???? 59
?????x(k)? xd(k)??????? Sa ???????????
Sa :

xa(k + 1) = Aaxa(k) +Bwaw(k + h+ 1) +Buau(k)
z(k) = Caxa(k) +Dwaw(k + h+ 1) +Duau(k)
ya(k) =
[
y(k)
xd(k)
] (5.4)
xa(k) :=
[
x(k)
xd(k)
]
, Aa :=
[
A B1Cd
0 Ad
]
,
Bua :=
[
B2
0
]
, Bwa :=
[
0
Bd
]
,
Ca :=
[
C1 D11Cd
]
, Dua := D12, Dwa := 0.
????????????????????????????????????? u(k) =
Kaya(k)??????????????????????????????????????
??? S ???????????????????? (??????????? [62] ???
??)????Ka ????????????????????????????
Ka =
[
Kb Kf
]
.
?????
u(k) = Kaya(k) =
[
Kb Kf
] [ y(k)
xd(k)
]
= ufb(k) + uff (k), (5.5)
???????
ufb(k) = Kby(k), (5.6)
uff (k) = Kfxd(k). (5.7)
????ufb ? S ?????????????????uff ???????? xd(k)????
??????????????????????????????????????????
? S ??????????????????
?? [67]???“mixed LQ/H∞”??????????????????????????
????????????????????????????????????????S ?
???????????????????? Sa ???? w(k + h+ 1)?? z(k)?????
?? Hzw ? H2 ??????????????????????????????
?? 5.1 ???????? Sa ??????????????? u(k) = Kaxa(k)????
??????????? γ2 ?????????H2 ???? ‖Hzw‖2 < γ2 ????????
???????????????????? P,W , Ka ???????????
trace(W ) < γ22 ,
60 ? 5? ???????????????[
W CaP +DuaKaP
PCTa + PK
T
a D
T
ua P
]
> 0, (5.8) P AaP +BuaKaP BwaPATa + PKTa BTua P 0
BTwa 0 Ir
 > 0. (5.9)
?? H2 ????????????????? ([68]?????)? Sa ?????????
?????
??????? (5.8)??? (5.9)?Ka ? P ???????????????? (KaP =
[Kb Kf ]P = L) ??? LMI ?????????????????????????? Kb
??????????????????? Kf ??LMI ????? L ??? P ????
[Kb Kf ] = LP
−1 ????????????????????????????????
??????????????????????????????????????????
(y(k) = x(k))???????????????????????????????????
?????????Kb ???Kf ???????????????Ka ?????????
?????????????????????????????????????? LMI?
???????????? (5.5)???? Sa ??? (= n + h + 1)???????????
??????????? h?????????????????????????????
5.3 ???????????????????????
?????????????????????????????????????? LMI
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????
?????????????????????????*1?
xdj (k) :=
[
wj(k) wj(k + 1) . . . wj(k + hj)
]T ∈ R(hj+1),
xd(k) :=
[
xTd1(k) x
T
d2
(k) . . . xTdr (k)
]T ∈ R∑rj=1(hj+1),
*1 ??????????????????????? (= h ????) ??????????????????
j ???????????? hj ????????? [57] ???????????????????????
??????????
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???????Kf ??????? p× r ????????????
Kf =
 Kf11 · · · Kf1r... . . . ...
Kfp1 · · · Kfpr
 ∈ Rp×∑rj=1(hj+1),
??? Kfij ∈ R1×(hj+1) ??xdj (k) ?? ui(k) ???????????????????
???
5.3.1 ??????????????
?????????????? Kb ?????????????????????? H2 ?
??????Kf ????????????
?? 5.1 ????????? S ????????????????????????Kb ?
???????
u(k) = Kbx(k) +Kfxd(k) (5.10)
??????????????????????????? 0??? (xd(0) = 0∑r
j=1(hj+1)
)?
????????? γ2 ????H2 ???? ‖Hzw‖2 < γ2 ???????????????
??????Kf ????????????????????????????? P,W ??
? K˜f ???????????
trace(W ) < γ22 ,
[
W CclP
PCTcl P
]
> 0, (5.11) P AclP BclPATcl P 0
BTcl 0 Ir
 > 0, (5.12)
???
Acl :=
 A+B2Kb B1Cd B1B˜
T
dp
0 Ad 0
0 0 ATdp
 , Bcl :=
 0Bd
K˜
T
f
 ,
Ccl :=
[
C1 +D12Kb D11Cd D12B˜
T
dp
]
,
Ad := diag{Ad1 , . . . , Adr}, Adp := Ip ⊗Ad,
Bd := diag{Bd1 , . . . , Bdr}, B˜dp := Ip ⊗ [BTd1 , . . . , BTdr ]T ,
Cd := diag {Cd1 , . . . , Cdr} ,
62 ? 5? ???????????????
K˜f := [diag{Kf11 , . . . ,Kf1r}, · · · ,diag{Kfp1 , . . . ,Kfpr}],
Adi :=

0 1 0 · · · 0
0 0
. . . 0
...
...
. . .
. . .
...
0 · · · · · · 0 1
0 0 · · · 0 0
 ∈ R
(hi+1)×(hi+1),
Bdi :=
[
0 0 . . . 0 1
]T ∈ R(hi+1)×1,
Cdi :=
[
1 0 . . . 0 0
] ∈ R1×(hi+1).
?? ????????????????????? u(k) ??????? w(k) ????
(p = r = 1)????????
Ad = Adp = Ad1 ,Bd = B˜dp = Bd1 ,Cd = Cd1 , K˜f = Kf .
???????? (p > 1??? r > 1)?????????? D????
???? S ??? (5.10)????????????????????
Sac :
 x(k + 1) = (A+B2Kb)x(k) +B1Cd1xd1(k) +B2Kfxd1(k),xd1(k + 1) = Ad1xd1 +Bd1w(k + h1 + 1),
z(k) = (C1 +D12Kb)x(k) +D11Cd1xd1 +D12Kfxd1(k).
??????????????
Sr :

x(k + 1) = (A+B2Kb)x(k) +B1Cd1xd1(k) +B2Kfxdd1(k),
xd1(k + 1) = Ad1xd1(k) +Bd1w(k + h1 + 1),
xdd1(k + 1) = Ad1xdd1(k) +Bd1w(k + h1 + 1),
z(k) = (C1 +D12Kb)x(k) +D11Cd1xd1(k) +D12Kfxdd1(k).
???? Sr ????? Hzw ?????? Sac ????????????????Kf =[
k0 k1 . . . kh1
]
???????????????M∈ R(h1+1)×(h1+1) ??????
M(Kf ) :=

0 · · · · · · 0 k0
... . .
.
k0 k1
... . .
.
. .
. ...
...
0 k0 · · · kh1−2 kh1−1
k0 k1 · · · kh1−1 kh1
 . (5.13)
???????????????????
MAd1 = ATd1M, (5.14)
MBd1 = KTf . (5.15)
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???????????????? xdd1(k) =M−1x˜dd1(k)??????? Sr ??????
???????
Sr′ :

x(k + 1) = (A+B2Kb)x(k) +B1Cd1xd1(k) +B2B
T
d1
x˜dd1(k),
xd1(k + 1) = Ad1xd1(k) +Bd1w(k + h1 + 1),
x˜dd1(k + 1) = A
T
d1
x˜dd1(k) +K
T
f w(k + h1 + 1),
z(k) = (C1 +D12Kb)x(k) +D11Cd1xd1(k) +D12B
T
d1
x˜dd1(k).
??????????????
Sr′ :
{
xr(k + 1) = Aclxr(k) +Bclw(k + h1 + 1)
z(k) = Cclxr(k),
??????? xr(k) :=
[
xT (k) xTd1(k) x˜
T
dd1
(k)
]T ?????? [68] ? H2 ??????
??Sr′ ? ‖Hzw‖2 < γ2 ????????????????????? (5.11)??? (5.12)
????????????x˜dd1(0) = xd1(0) = 0h1+1 ???????? Sr′ ????? Hzw
? Sac ???????????????????????
???????????????? K˜f ? Acl ???? Bcl ?????????????
????????????? (5.11)??? (5.12)? K˜f ????????????????
Kf ????????????????????????????????????????
???????????????????????????
?? 5.1 Sr′ ????????????????????????????? [69]????
??????????????????????????????????????????
???????????????????? (h∗ = h)??????????????????
???????????????????Sr′ ????????????? n(h+1)????
????*2??????? n+r(h+1)+pr(h+1)?????????????? h????
?????????????????????? 6????? n+ r(h+1)+ pr(h+1) = 39
??? n(h+ 1) = 66?????????????????? LMI?????????LMI
??????????????????
????????????????H2 ???????? Kf ?????????????
???????????????? H∞ ?????????
? 5.1 ???? S ???????????????????????? Kb ??????
??? (5.10) ????????????????????? γ∞ ???? H∞ ????
‖Hzw‖∞ < γ∞ ????????????????????? Kf ???????????
*2 ???????????????????????????? (hi = h)?
64 ? 5? ???????????????
?????????????????? P ??? K˜f ???????????
P AclP Bcl 0
PATcl P 0 PC
T
cl
BTcl 0 Ir 0
0 CclP 0 γ
2
∞Im
 < 0
?? ?? [68]???? Sr′ ?????????????
5.3.2 ????????????
?????????????????????????????????????????
?????????? ufb = Kb(z)y ??????????????????
xc(k + 1) = Acxc(k) +Bcy(k), (5.16)
ufb(k) = Ccxc(k) +Dcy(k), (5.17)
??? xc(k) ∈ Rnc ???????????????? H2 ?????????????
??????????????????????
? 5.2 ???? S ?????? (5.16)??? (5.17)?????????????????
??????????Kb(z)????????
u(k) = Kb(z)x(k) +Kfxd(k) (5.18)
????????????????????? γ2 ????H2 ???? ‖Hzw‖2 < γ2 ???
??????????????????Kf ??????????????????????
??????? P,W ??? K˜f ???????????
trace(W ) < γ22 ,
[
W CclP
PCTcl P
]
> 0, P AclP BclPATcl P 0
BTcl 0 Ir
 > 0,
???
Acl =

A+B2ZuDcC2 B2ZuCc B1Cd +B2ZuDcD21Cd B2ZuB˜
T
dp
BcZ˜uC2 Ac +BcD22ZuCc BcD21Cd +BcD22ZuDcD21Cd BcD22ZuB˜
T
dp
0 0 Ad 0
0 0 0 ATdp

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Bcl =

0
0
Bd
K˜
T
f

Ccl =
[
C1 +D12ZuDcC2 D12ZuCc D12ZuDcD21Cd +D11Cd D12ZuB˜
T
dp
]
Zu = (Iq −DcD22)−1, Z˜u = Iq +D22ZuDc.
?? 5.1???????????? Ac, Bc, Cc ???Dc ????????????????
???? P , W ??? K˜f ?????????????LMI???????????????
?? 5.2 ? 5.2 ????????????????????????????????
????????????????????????????????????????
C2 = In, D21 = D22 = 0??????????? 5.2? LMI?????? Acl, Bcl, Ccl ??
? xc ??????????????Dc = Kb ????????????
5.3.3 ???
????????? [70](Example 2) ???? PI ??????????????????
??????????????? [70]?????????????????????????
???? [66]????????
x(k + 1) =
 0.78 1 00 0 1
0 0 0
x(k) +
 0.0220
0
w(k) +
 00
0.149
u(k),
u(k) = ufb(k) + uff (k),
y(k) =
[
1 0.483 0
]
x(k)
?????? z = −1.29?????? (|z| > 1)????????????????????
????????????????????? (?? C ???)? PI ??????????
????????????
xc(k + 1) = xc(k)− 0.374y(k),
ufb(k) = xc(k)− 1.933y(k).
??????????????????????????????????????????
??? ||Hzw||2 ??????????????
z(k) =
[
1 0.483 0
0 0 0
]
x(k) +
[
0
0.316
]
(uff (k)− uff (k − 1)).
66 ? 5? ???????????????
Table 5.1 AchievedH2 norm for each method.
?? [70] ?? [66] ? 5.2
0.0258 0.0214 0.0223
???? w(k) ? h ????????????????????||Hzw||2 ????????
?????????????????*3?
???? h = 2 ????????????????????? 5.2??? [70] ?????
[66]????????????? 5.2??? [70]????????????????????
?????????????????????
uff (k) = Kf
[
w(k) w(k + 1) w(k + 2)
]T
,
??? Kf ????????????????????????????? [w(k) w(k +
1) w(k + 2)]T ???????????????????????????????????
[66]?????????????? 5????????????????????????
uff (k) = Kf (z)
[
w(k) w(k + 1) w(k + 2)
]T
, Kf (z) = Cf (zI5 −Af )−1Bf +Df .
Table 5.1??????????????? H2 ??????????? [66]???????
?????????????????????? 5? (= (n+ h)?)????????? [70]
????? 5.2???????????????????????????????????
??????????????????????????????????????????
????????????? [70] ????????????????? [66]???????
??????
5.4 ????
?????????????????????????????????????????
??? LMI ????????????????????????????????????
?? [70]??????????????????????????? [66]????????
??????????? (n+h?)??????????????????????????
?????????????????????????????????H2 ??? H∞ ??
?????????????????????? H2 ??????????????????
?????????????????????????????????
*3 ???? z(k) ??? (5.1) ???????? uff (k) ??? uff (k − 1) ???????????????
????????
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????: ???? GLA??
6.1 ????
? 1????????GLA??????????????????? GLA???????
?????????????????????????????/????????????
??????? AWIATOR???????????????? GLA????? [71]???
H∞ ???????????????????????????????????????
??????????????? GLA??????? [72]??? [73]?????????
? LQG??????????????????????????????????????
????? [74]????????????? GLA????B-52????????????
???????????????????????????????? LQG???????
?????????????????
??????????????????????????????? GLA???????
??????????????? 5?????????????????????? [75]??
??????????????????????????? [76] ????????????
??????????????????????????????????????????
??? [77]?????????????????????????????????????
?????????? [78]??? [79]?????????????????????????
???????????????????????? GLA?????????
???????????????????????????????? GLA??????
??JAXA ????????????????????????????????????
??????????????????????????????????????????
????????????????????????? GLA??????????????
?????????????????????JAXA ?????????????????
GLA?????????????????????
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Laser
Scattering
Wind
Preview feedforward
compensation
Feedback
measured
outputs
wind
velocities
elevator command
LIDAR system
??????
???
??
?
DLC command
control
Fig. 6.1 Basic concept of gust alleviation control with LIDAR system.
6.2 ?????????? GLA??
6.2.1 GLA????
?????????????????????????????????????????
?????/???????????????????????????? GLA?????
???/??????????????????????????????????????
??????????????????????????????????????????
??????????????????1-cos?????????????????????
?????
Fig. 6.1 ????????? GLA ????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????? (?????????????????????)????????
??????????????????????????????????????????
?????????????????????????????? 2???????????
??????/?????????????????????? [80]???????????
????????????????????????????? (????????????
?)????????????????????????????????????????
??????????????????????????????????? ∆t?????
?????? V m/s???????????? h×∆t× V m???????? h????
?????? wg(k + h)??????????????? [80]?????????????
????????? (????? 2???????)??????????????????
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?????? wg(k), wg(k + 1), . . . , wg(k + h) ????????????????????
?????? 5 ????????????????????
6.2.2 ???????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????Airbus????????????? MATLAB/Simulink ?
??????????????????????????????????????????
????????????????????????? [81]???????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????
?????????????????????????????????????????
??????????????????????????????????????????
??????????C*??? [82]?????????????????????????
????????????????????????????????????
6.2.3 ????????: MuPAL-α
????????????????????? Do228-202??????????????
?MuPAL-α*1? Fig. 6.2???????????? FBW???????????????
???????????????????????????????????????DLC
(Direct Lift Control) ?????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
*1 MuPAL? “Multi-Purpose Aviation Laboratory”(????????)???
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Z
XY
Fig. 6.2 MuPAL-α ( c©JAXA) and its body-fixed coordinate system. X: out the nose
of the aircraft. Y: out the right wing. Z: down through the bottom.
??????????????????????????
x(k + 1) = Ax(k) +B1wg(k) +B2
[
δec(k)
δdc(k)
]
, (6.1)
??? x(k), δec(k), δdc(k), wg(k) ??????????? k??????????????
??????????????DLC?????????????????????????
?? DLC?????????????????????????????????????
??????????????
x(k) :=
[
uT (k) wT (k) qT (k) θT (k) δTe (k) δ
T
d (k)
]T
??? u(k), w(k), q(k), θ(k), δe(k), δd(k) ??????????????????????
? X ?????? Z ????????????????????????DLC??????
???????? DLC???????????????????????????δe(k)?
?? δd(k)? x(k)?????????????????? az ??????????
az(k) = Cx(k) +Dwwg(k) +Du
[
δec(k)
δdc(k)
]
.
?????????????? δec ??????? az ??????????????????
????? [38]??????? MuPAL-α ??????? z = 0.4713, 0.9978, 1.0000, 2.134
???????????????????????????????????????
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6.3 ???????????????
6.2.3??????????? GLA??????????????????? az ????
?????????????? H2 ??????????????????? L2 ?????
????????????????? H2 ???????????????? (?? [83]??
2.3????)?????????????????/??????????????????
??????????? 1G?????????????????????????????
???????? L2 ???????????????????????????? GLA?
?????????? H2 ???????
?????????????????????????????
y(k) =
[
uT (k) wT (k) qT (k) θT (k)
]T
= C2x(k), (6.2)
C2 =
[
1 1 1 1 0 0
]
??????????????????????az ????????????????
z(k) =
 Q
1
2 az(k)
R
1
2
e δec(k)
R
1
2
d δdc(k)
 = C1x(k) +D11wg(k) +D12 [ δec(k)δdc(k)
]
(6.3)
C1 =
 Q 12C0
0
 , D11 =
 Dw0
0
 , D12 =
 DuR 12e
R
1
2
d

????
? (6.1)(6.2)(6.3) ????????? S ???? GLA ???????????????
??????? 0.1 ????????? h = 10 (1.0 ????)?????????????
(Q,Re, Rd) = (1, 10, 100)?????????????????????? 2???????
?????
Case 1. ???????????????
??????? Sa ???????? H2 ?????? [84]????????????
???????????? Ka(z)??????????????????? Kb(z)?
?????????????Kf (z)??????????????????????
Case 2. ???????????????????????????
?? S ???????? H2 ????????????????????????
Kb(z)????????? Sa ?????????? xd(k)????????????
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Table 6.1 Types of designed Kb and Kf .
Case 1 Case 2 Case 3
Type of Kb dynamic dynamic dynamic
Type of Kf dynamic static static
Table 6.2 Achieved H2 norm and controller order for each case.
Case 1 Case 2 Case 3
H2 norm 0.8380 0.9404 0.8384
Controller order 17 (= n+ h+ 1) 6 (= n) 6 (= n)
??????????????? [68]??????????????????????
Kf ?????????????????????????????????????
??????????????????
Case 3. ???????????
?? S ???????? H2 ????????????????????????
Kb(z) ?????????? 5 ??? 5.2 ???????????????????
Kf ?????
????????Kb,Kf ???? Table 6.1??????
6.4 ??????????
Table 6.2????????? H2 ?????????????????????????
?????????Case 2????????????????????????????Kf
????????????????????????H2 ????????????????
??Case 3????????????????? Case 2????????????????
? Case 1???????????????Case 3???????? Case 1???????
????????Case 1???????? Sa ????H2 ???????????????
????Sa ???????? (n+h+1)?????????? Case 2??? Case 3???
????????????????? n ????? S ?????????????????
???????????????????? n????????????????? (Case 3)
???????????????????????????????????????
Figs. 6.4–6.6 ??1-cos ?????? (Fig. 6.3) ??????????????????
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Fig. 6.3 The 1-cos-shape gust used in the simulation.
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Fig. 6.4 Time histories of elevator and DLC commands for each case.
??????????????? (Fig. 6.4) ???????Case 1 ??? Case 3 ????
????????????????????? (Fig. 6.5)????????????????
Fig. 6.6???????????????Case 1??? Case 3???Case 2???????
??????????????????????????????????? (Case 3)??
??????????????????????????????????????
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Fig. 6.5 Time histories of longitudinal states for each case.
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Fig. 6.6 Time histories of vertical acceleration for each case.
6.5 ????
? 5???????????????????????????????????????
???????????????????? GLA???????????????????
??????????????????????????????????????????
??????????????????????????????????????????
? (H2)??????????????????????????????????????
????????????????? (?????????)??????????????
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???????? (????????????????) ????? GLA ????????
?????????????

77
? 7?
?????
7.1 ???????
????????????????????????????????????????
??????????????????????????????GS??????????
???????????????????? GS ???????????????????
????????????????????? GS???????????????????
?????????????????????????????????? GLA?????
??????????????????????????????????????????
??????????????????????????????????????????
????
? 3????? 5?????????????????????????
• ?????????????????? GS??? (? 3?)
???????GS???????????????????????????????
???????????????????????????????????????
?????????????????????????????????????
• ???????????????????????????????? (? 5?)
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????? LMI????????????????????? (??/???
??/??)?????????????????????????????????
????????????LMI ???????????????Lyapunov ??????
??????????????????????????? LMI ???????????
78 ? 7? ?????
??????? Lyapunov ?????????GS ???? X(θ)??????? P ???
Lyapunov?????????????????????????????????????
???????????????????????????? GS????????????
??????? X(θ)????????????????????????????????
????????????? Kf ????? P ????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????
? 4????? 6?????????????????????????????????
??????????????????????????????????????????
????????????????????????????????? 3.5???????
?????????????????????????????????????? 6???
??????????????????????????????????????????
??????????????????????????????????????????
???????????????? (?? 3.3??)???????????????????
? 5? (????? C)???????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
????????????????
???? 4????????????????????????????????????
???????????????? (4.17) ??????????????????????
??????????????????????????????????????????
?????????????????????????? 6???????????????
???????????????????????????????? 4?????????
??????????????????????????????????????????
??????????????????????????????????????????
????????
7.2 ????????
??????????????????????????????????????
7.2 ???????? 79
7.2.1 GS??????????????
? 3.4.3?????????????????? DΓ ?????????????????
?????????????????????????????????????? [36]??
???????????DΓ ?????????????????????????????
?????? N ? (?? D ????????????)????????????????
??????????????????????????????DΓ ??????????
??????????????????????????????????????????
???
7.2.2 ????????? GS?????? Bc ????????
?? 4.1????????????????????????????????? (Bc(θ) =
Bc)??????????????? Y∗ ? Bc???? S∗ ? Bc ????????????
???Bc ?????????????? LMI?????????????????????
???????????????????? 8??????θ = 0????????????
H∞ ??????????????? Bc ???????????????????????
???????????????????? Bc ????????????????????
?? Bc ????????????????? Bc ??????????????? Bc ??
???????? LMI???????????????????????????????
????????????????????????????????
7.2.3 H2 ???????????????
? 6.4?????????????????H2 ???????????????????
???????? 5.2 ?????????????????????? (??????? H2
????????????) ????????????????????????????
????????????????? H2 ??????????????????? (???
????) H2 ????????????????????????????????? (?
?? [66] ??)???????????????????????????????????
?????????? (???????) H2 ??????????????? + ????
????????????????????????????????????????
?????? H2 ?????????????????????????????????
??
80 ? 7? ?????
• ??????????? +???????????????
(???????????????)
• ????????????????????
(????????????????)
? 2?????????????????????????
• ??????????? +???????????????
??????????????????????????????????????????
??????????????????????????
7.2.4 ??????? (nonsmooth optimizer) ?????????
????????????????????????????????????????
?????? LMI?????????????????????????????????
?????????????????????????????????????????
????????????????????????????? H∞ ?? (structured H∞
synthesis)??? [85]*1???????????????????????????????
? H∞ ??????????nonsmooth optimizer??????????????????
???? NP????????LMI?????????????????????????
?????????????????????????????? [86][87]?
???????????????????????????nonsmooth optimizer ???
??????????????????????????????????????????
????? NP???????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??? GLA????????????? [88]???????????? C∗ ???????
?????????????????????????? H∞ ??????C∗ ??????
????????????????????????????????? C∗ ???????
? H∞ ??????????????????????????????????????
?????????????????????????
*1 ?????????????????????????????????????????????????
??? (µ-synthesis)?????????????
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?? A
?? 4.1???
?? 4.1 ????? (4.7)–(4.10) ??? [28] ????????????????????
???? 3.1?????????? (4.4)–(4.5)?????????????
?????????????? (4.8)–(4.10) ?????????? θ ∈ [θk, θk+1], k =
0, 1, . . . , N ??????? (A.1)?????????
Q11 = A(θ)YS(θ) + YS(θ)A
T (θ)− ω∆Yk∆θk ,
Q12 = A(θ)SS(θ) + YS(θ)C
T
2 (θ)B
T
c − ω∆Sk∆θk ,
Q22 = BcC2(θ)SS(θ) + SS(θ)C
T
2 (θ)B
T
c − ω∆Sk∆θk ,
??????? (A.1)????? “≪”????????????????????????
???????????????????? l??
• ?????????? θ ∈ [θk − l2 , θk+1 + l2 ], k = 0, 1, . . . , N ????? (A.1)???
?????
• ?? [θ − l2 , θ + l2 ]??? 1????? θk ??????
?????????????????θ ??????????
Ycl(θ) =
[
Y (θ) S(θ)
S(θ) S(θ)
]
≫ 0
???? (4.4)??????????? (A.1)????
Q11 = A(θ)Y (θ) + Y (θ)A
T (θ)− ω ∂Yk∂θk ,
Q12 = A(θ)S(θ) + Y (θ)C
T
2 (θ)B
T
c − ω ∂Sk∂θk ,
Q22 = BcC2(θ)S(θ) + S(θ)C
T
2 (θ)B
T
c − ω ∂Sk∂θk ,
???????????
82 ?? A ?? 4.1???
Q11(θ) Q12(θ) Y (θ)C
T
1 (θ) B1(θ) −S(θ) 0
QT12(θ) Q22(θ) S(θ)C
T
1 (θ) BcD21(θ) 0 −S(θ)
C1(θ)Y (θ) C1(θ)S(θ) −γI D11(θ) 0 0
BT1 (θ) D
T
21(θ)B
T
c D
T
11(θ) −γI 0 0
−S(θ) 0 0 0 0 0
0 −S(θ) 0 0 0 0

+

B2(θ)W
Γ
S (θ) B2(θ)W
Γ
S (θ)
V ΓS (θ) V
Γ
S (θ)
D12(θ)W
Γ
S (θ) D12(θ)W
Γ
S (θ)
0 0
GΓS(θ) 0
0 GΓS(θ)

[
I 0 0 0 −ϵI 0
0 I 0 0 0 −ϵI
]
+
(
⋆
)T
≪ 0 (A.1)
???? (A.1)?????
B2(θ)W
Γ
S (θ) B2(θ)W
Γ
S (θ)
V ΓS (θ) V
Γ
S (θ)
D12(θ)W
Γ
S (θ) D12(θ)W
Γ
S (θ)
0 0
GΓS(θ) 0
0 GΓS(θ)

⊥
=

I 0 0 0 −B2(θ)Cc(θ) −B2(θ)Cc(θ)
0 I 0 0 −Ac(θ) −Ac(θ)
0 0 I 0 −D12(θ)Cc(θ) −D12(θ)Cc(θ)
0 0 0 I 0 0

(???? V ΓS (θ) = Ac(θ)GΓS(θ),WΓS (θ) = Cc(θ)GΓS(θ)???????)?????????
??????????????? (4.5)?????????????
????Ac(θ) ??? Cc(θ) ????????? GΓS(θ) ?????????????
????? (4.8) ??? (4.9) ???−ϵ(Gk + GTk ) < 0 ??????ϵ > 0 ?????
? Gk ??????GΓj + GΓj
T
> 0 ????? (j = 0, 1, . . . , NΓ + 1)????????
???????? λmin((A + A∗)/2) + λmin((B + B∗)/2) ≤ Re[λi(A + B)] ??????
GΓS(θ) = (1− α)GΓj + αGΓj+1 ??????? (θ ∈ [θΓj , θΓj+1], α :=
θ−θΓj
θΓj+1−θΓj
, 0 ≤ α ≤ 1) ??
????
Re[λi(G
Γ
S(θ))] ≥ λmin(
1− α
2
(GΓj +G
Γ
j
T
)) + λmin(
α
2
(GΓj+1 +G
Γ
j+1
T
))
> 0
? θ ∈ Θval ???????????????????????GΓS(θ)???????????
???????? (4.4)–(4.5)??????? Ycl(θ), Ac(θ), Cc(θ)?????????
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?? B
?? 8????????????
??????????????????????????? θa ∈ [0, 90]?????? 8?
???????? Σ(θa)???????????????
Σ(θa) =

b(s)
a(s) 0
e(s)
a(s)
0 c(s)a(s) 0
e(s)
a(s) 0
d(s)
a(s)
 .
??? a(s)?e(s)? s???????????????????????????????
??????? (180− θa) ∈ [90, 180]????????????????????
Σ(180− θa) =

b(s)
a(s) 0 − e(s)a(s)
0 c(s)a(s) 0
− e(s)a(s) 0 d(s)a(s)
 .
?????????????????????????????????????????
? 8 ???????????????????????????????????????
? (|e(s)| ≈ 0)???????? Σ(θa) ≈ Σ(180 − θa) ?????????? 90 ? (???
270 ?) ?????????????????????????? 4 ??????????
θ ∈ [0, 90]?????????????????????????????????? 4??
????????????????? (4.18)?????????????????????
?????
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?? C
????????????????
??
??????????? (?????????????)???????????????
??????? [66]?????????????????????
Fig. C.1 ??????????????G1(z), G2(z) ????????????????
???????????????????????K(z)????????z−h ???? h?
????????????????????????? w(k)???????????? h?
????????? w(k + h)??????????????????????? 6????
? GLA??????????????????? z ????? w(k + h)????????
?????????????????????
??????G1 = z−bz−a (|a| < 1, |b| > 1)?G2 = 1?????????? z ???????
?????
Hzw =
z − b
z − aK(z) +
1
zh
,
z = b? G1(z)??????????h = 0,K(z) = − z−az−b ?????? Hzw = 0????
z(k)
G (z)2
G (z)1K(z)
z -h
w(k)
w(k+h)
+
+
Fig. C.1 A simple preview control problem.
86 ?? C ??????????????????
?????? |b| > 1?????K(z)??????????? Hzw ???????????
Hzw =
z − b
1− bz
(
1− bz
z − a K(z) +
1− bz
(z − b)zh
)
z−b
1−bz ??????????????????????????????????????
K(z)??????????? 1−bzz−a K(z)???????????????????????
??????????????????????? K(z)????????????????
????????????????????
1− bz
(z − b)zh =
1
(z − b)zh
(−(1− b−2)b−h+1zh+1 − (1− b−2)bz
+(1− b−2)b−h+1zh+1 − b−1(z − b))
=
1− b−2
(z − b)zh
(
−b−h+1zh+1 − bz + b−h+1zh+1 − (z − b) b
−1
1− b−2
)
?????????????????????
−bz + b−h+1zh+1 = −bz(1− b−hzh) = (z − b)z b(1− (
z
b )
h)
b− z = (z − b)z
1− ( zb )h
1− zb
??????
1− bz
(z − b)zh =
1− b−2
(z − b)zh
(
−b−h+1zh+1 + (z − b)
(
z
1− ( zb )h
1− zb
− b
−1
1− b−2
))
??????????????????
z
1− ( zb )h
1− zb
= b
(
z
b
1− ( zb )h
1− zb
)
= b
h∑
i=1
(
z
b
)i
????????????
1− bz
(z − b)zh =
z
z − b
1− b2
bh+1
+
1
zh
(
−b−1 + (1− b−2)b
h∑
i=1
(
z
b
)i
)
?????????????????????????????????????
K(z) = − z − a
1− bz
1
zh
(
−b−1 + (1− b−2)b
h∑
i=1
(
z
b
)i
)
???????Hzw ?
Hzw =
z
1− bz
1− b2
bh+1
??????????? h→∞? 0????????????????????????
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?? D
???? (p > 1??? r > 1)???
??? 5.1???????
?????????? (5.13) ???????????????????????????
xdj (k)????? wj(k) ?????????
xdj (k + 1) = Adjxdj (k) +Bdjwj(k + hj + 1),
wj(k) = Cdjxdj (k), for j = 1, . . . , r.
?????? Sac ????????????
Sac :
 x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1Kfxd(k),xd(k + 1) = Adxd +Bdw(k + h∗ + 1),
z(k) = (C1 +D11Kb)x(k) +D12Cdxd +D11Kfxd(k),
?????????? xd(k)?? 5.3?????????????w(k + h∗ + 1)?????
?????????????????????????????
w(k + h∗ + 1) :=

w1(k + h1 + 1)
w2(k + h2 + 1)
...
wr(k + hr + 1)
 ∈ Rr.
?????????? Sr ?????
Sr :

x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1Kfxdp(k),
xd(k + 1) = Adxd +Bdw(k + h∗ + 1),
xdp(k + 1) = Adpxdp +Bdpw(k + h∗ + 1),
z(k) = (C1 +D11Kb)x(k) +D12Cdxd +D11Kfxdp(k),
??? Adp ?? 5.3????????????????????????????????
?????
Bdp := 1p ⊗Bd ∈ Rp
∑r
j=1(hj+1)×r,
88 ?? D ???? (p > 1??? r > 1)?????? 5.1???????
Kf =: diag

 K
T
f11
...
KTf1r
 , · · · ,
 K
T
fp1
...
KTfpr


T
∈ Rp×p
∑r
j=1(hj+1),
xdp(k) :=

xd11(k)
...
xd1r (k)
xd21(k)
...
xd2r (k)
...
xdpr (k)

∈ Rp
∑r
j=1(hj+1),
????????? xdp ??wj ????????????????? u1, . . . , up ?????
?????????????????????? xd ????? p?????????????
? (5.13)??????M(Kf )????????????????
M := diag{Mf11 , . . . ,Mf1r ,Mf21 , . . . ,Mf2r , . . . ,Mfpr},
???Mf∗ :=M(Kf∗)????? (5.14)? (5.15)?????????????
MAdp = A
T
dpM
MBdp = K˜
T
f
B˜
T
dpM =Kf .
???????????????? xdp(k) =M−1x˜dp(k) ??????? Sr ??????
? S ′r ?????????
Sr′ :

x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1B˜
T
dpx˜dp(k),
xd(k + 1) = Adxd +Bdw(k + h∗ + 1),
x˜dp(k + 1) = A
T
dpx˜dp + K˜
T
fw(k + h∗ + 1),
z(k) = (C1 +D11Kb)x(k) +D12Cdxd +D11B˜
T
dpx˜dp(k),
???????? 5.1??????????
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??
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????
?????????????????????????????????????????
??????????????????????????????????????????
????????????????????????
??????????? JAXA?????? 2003??? 2019????????????
?????????????? 4????? 8?????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????? (??)?????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????/??????
??????????????? JAXA ???????????????????????
???????????? JAXA??????????????????????????
??????????????
? 6??????????? GLA????JAXA??????????????????
90 ??
????????? (SafeAvio)???????????????????????????
???????????????????????????????? JAXA??????
??????SafeAvio??????????????? JAXA?????????????
?????????????????????????????????????????
?????????????????????????????????????????
?? 3???????????????????????????????????????
??????????????????????????????????????????
??????????????
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